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INTERFEROMETRIC INVESTIGATION OF
TURBULENTLY FLUCTUATING TEMPERATURE IN AN
LMFBR OUTLET PLENUM GEOMETRY
, by
Ralph Gregory Bennett
and ‘
Michael W. Golay

A novel optical technique 1s developed for the'measuré4
ment of turbulently fluctuating temperature in a transparent
fluid flow. The technique employs a Mach-Zehnder interfero-

meter of extremely short field and a simple photoconductive

diode detector. The system produces a nearly linear D.C.
electrical analo%-of the turbulent temperature fluctuations
in a small, 1 mm3 volume. The frequency response extends
well above 2500 Hz, and can be improved by the choice of a
more sophisticated photodetector.

The turbulent sodium mixing in the ANL 1/15-scale FFTF
outlet plenum is investigated with a scale model outlet
mixing plenum, using flows of alr. The scale design represents
a cross section of the ANL outlet plenum, so that the average.
recirculating flow inside the test cell is two dimensional.
The range of the instrument is 120 OF above the ambient air
temperature. The accuracy is generally +5 F with most of
the error due to noise originating from Suilding vibrations
and room noise. The power spectral density of the fluctuating

-temperature has been observed experimentally at six different

stations in the flow. A strong 300 Hz component is generated
in the inlet region, which decays as the flow progresses
along streamlines. The effect of the inlet Reynolds number
and the temperature difference between the 1inlet flows on the
power spectral density has also been investigated. Traces of’
the actual fluctuating temperature are included for the six:
stations,
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NOMENCLATURE

D diameter of the variable aperture that determines the
beam diameter; 0.5 mm

'I 1ntensity of light transmitted by the interferometer

3 v

Io - the maximum interferometer throughput, expressed as an
intensity

Imax maximum value of I; equal to Io'

Imin minimum value of I |
test cell thickness inside; 0.64 cm
order of interference; an integer

n index of refraction

m(s) index of refraction at the path length, Sa

N oot index of refraction in the.test cell

n ~iIndex of refraction of the,ambient air

std

R distance from the test cell to the recombination inter-
section; about 5 cm .

t time; sec

(o]

T(x,t) fluctuating'temperature at point x; “C

v;(x,t) fluctuating velocity in the X3
cm/sec

direction at point x;
v(t) temperature analog; volts

‘1/ frihge contrast; assumes a value between 0 and 1
<:,..> averaged in time

060 angle of deflection of the test beam; radians

dl)' separation distance of the two beams at the recombination
intersection; mm

5X extra distance traveled by the test beam; cm



6”0’ - eddy diffusivity of heat, a second rank tensor; cmz/sec

Ao . wavelength of laser beam‘; 6328 x 10-8 cm



1. INTRODUCTION
l.1 Purpose and Scope of the Investigation

The conservative design of nuclear reactor structufal
components, guarding against thermal transients in the
upper mixing plehum of liquid-metal-cooled fast breeder-
reactors (LMFBR's), requires a predictive knowledge of the
turbulent sodium mixing. Specifically, the eddy diffusivity

of heat, em :

e”:'j (Z) _=_ <T(th)v"(z’t)>/<<97'(3,'¢")/<97\:j> (1.12‘

embodies the turbulent mixing that lessens thermal shock on
the structural'components. The eddy diffusivity of heat 1is
often expediéntly defined in terms of conveniently known

1 that fall short of describing the true mixing.

quantities
A calcuiation of the eddy diffusivity of heat from Eq. 1.1
demands the mapping out»of the turbulently'fluctuating temp--
erature and velocity for any particular~f1§w geometry. | |
Thils work approaches the LMFBR turbuleﬁt sodium mixing
problem with a transparent fluid scale-model; measuring the
fluctuating temperature with a novel optical method. The
fluctuating velocity was not measured in this work, but
éould easlly be found with standard Laser-Dobpler Anemometry

techniques. This combination of optical systems could

achieve the extremely fast time response needed to faithfully



follow the turbulent fluctuations, while not intruding into
" the flow and disturbing its fine structure.
The optical method'for'temperature measurements imple-

" ments a Mach~Zehnder interf‘erometer2

of extremely short

field (about 0.5 mm) in real time. Due to the short.field,
and other considerations, the instrument defines a tenpera—
ture sensitive volume of 1.25:mm3. The system produces a
nearly linear DC electrical analog of the fluctuating temp-
erature over most of the 120 °F (67 °C) range of the
instrument. The time response is ultimately limited only -
by the choice of the photodetector-—which is greater than

10 kHz for the 1nexpensive detector used in this work. - The
average flow pattern in the scale model design is restricted
to two dimensions to facilitate the temperature measurements.
The average témperature is not currently available fromvthe
optical technique. The average tenperature'is'measured
mechanically at a symmetric, but remote, station in ‘the flow.
| | The experiments reported seek to establish the capabili-
ties of the technique, and to visualize the transport and
mixing of heat in the scale model in preparation for future
investigations. " The characterization of the turbulent
temperature proceeds with photographic studies of the electri-
cal analog, leading to the computation of an autocorrelation

of the temperature. Fourier analysis of the temperature

signal yields curves of the power spectral density of the
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fluctuating temperature,
1.2 Results and Importance of the Work

The results show the method to be a poténtially écéu-~
rate and appropriate companion to Laser-Doppler Anemometry
i for combined velocity and temperature corrélatibns.- The
accuracy of the temperature analog in this work is about :S-OF
(3 °C). However, this is not the ultimate accuracy of the
téchnique. A mapping‘out of the témperature aqalog}and its
' power spectral density at six stations in the flow i1llustrates
their strong position dépendence in the test cell. The -
temperature upset between the inlet flows does not measﬁrably
affect the turbulent mixing in the cell at the low Reyholds
numbers (Re £ 10 OOO)'inveétigated; The experiments did not
extend to the high Reynoldé number vaiues which.wbuid be

observed in the LMFBR outlet plenum.
1.3 Alternate Methods and Related Work

Several of the estéblishédfmethods for fast response,'_
temperature measurements in liquid sodium, and for alternate
optical temperature measurement methods are sur?eyed here,‘
Fast response temperature measurements in high temperat@re
liquid Sodiumlis a develqping art. Hayes3 reports that the
‘cqnventional thermocouples for li@uid sodium of O.S'mm

diameter can achieve about 50 Hz response and'good accuracy.
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Smaller diameter thermocouples are lackihg in the required
.ruggedness and strength. The mbre promisiﬁg eddy current
probes--which measure the iiquid sodium electr;éal.resistivity
by an electromagnetic induction method--of Hughesu, exténd
the frequency response to nearly 1 kHz. The effecté'of
impurities and gﬁses in the flows'on the probes are not well
“known,

‘For measuremeﬁts in alternafé fluid mock-ups; thermo- |
couples can'draw on a well-developéd art of their own. The
careful préparation'and electronic augmentatioh of platinum

.

wire thermocouples with diameters as small as 0.25 microns

by LaRue, Deaton, and Gibson5

» extends their frequency
response to 10 kHz in air flows.: Of course, all of the
measurements discussed above will disturb the fluid flows
that they measure. | | | |

ATwo recéntly developed opﬁical temperaturefmeasufement
teéhniques that are very different from the one_dgvelopéd'j
1n_this work afe describéd here. Both metﬁods, like the one
in this work, are essentially restricted to two dimensionél'

measurements. Oliver and Stott6

have selected an appro- -
priate thermometric solution--one whose absorbance of light
at 520 nm varies linearly with temberaturé. The<w9rking fluild
is aqueous 3,5 dinitro salicylic acid, which could'compose
the flowing fluid. An absorbaﬁcé,measufemeﬁt at 520 nm will

then coinclde with the,local fluid temperature. The frequency
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response 1s not yet known.

A second method suggested for optical temperatufé
:measurements is the laser-Raman spectroscopy method of -
Hickman and Liang7; The absolute temperature is found
fromvthe rotational spectrum of the fluid at a point inside
é laser'cavity. The fluid must be a pure gas--alir has too
.many overlapping rotationéi bands. The accuracy'is‘lihited
to 3-8 °cC (5;15 °F), and thé results must be carefully
sorted out by a computer. .

The method in this work haslbeen published nearly
simultaneously by'Bennett and Golaya, and Miller, Hussmann,

and McLaughlin.9

The latter paper is not concerned with
the measurement of turbulent flﬁid flows, but 1nvestigates. .
the pulsed betafray heafing of an aqﬁeous systém. It 1s
interesting to note thét the paper achieveé a 5 megahertz
frequency responseusimply by the choice of a more sophiéti-

‘cated photodetector.
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2. METHODOLOGY
2.1 General View of thezTechnique‘

The index of refraction of air vafies,fmost importantly,
with 1ts temperafureiand'pressure. The variation is quite

6 per QC‘with temperaturelo, and

small, being about 1 x 10~
about 2 x 10-5 per psl with pressure.' The.;ndex'of refraée
tion of air is normally around unity, and so these variations
are miniscule in comparison. Any direct observation of‘the'
effept of temperature or pressure oh the index of refraction
of air is a very serious task,Awith 1ittle hope of reali#atién

in real time.

In the wide class of instruments availéble'for‘meaSuring

the index of refraction, the refractometérs,'are a subset

that measure only differences in the index of refract;on

between two media, the so-called differential refractometers. T

2

In this work, the Mach-Zehnder interferometer "1s used as a
differential refractometer. The désign'Of the experiments
carried the responsibility for insuring that'the temperature
fluctuations always 1nducéd a much larger effect‘thah'the

pressure fluctuations..

# This is the value of the derivative of the Biot and Arago

formulalo'ﬁith respect to pressure at STP.
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2.2 Mach-Zehnder Interferometer Applied to Temperature
Measurements

2.2.1 Principle ef the Mach-Zehnder Interferometer

The Mach-Zehnder interferometer 1s an important system ‘
for visualization and quantification of air flows, because
"of its simple geometry and straightforward principle of
operation. The interferometer is idealized in Fig. 2.1. The
incident monoehromatic light ray divides in amplitude in the
first beamsplitter; the rays reflect in their'own mirrors,
and recombine at the second beamsplitter. If the rays en- .
counter different conditions in. the two cells; their_phases
‘will generally differ, and they will interfere when recombined.
All of the mirrors and beamsplitters are mutually parallel,

and the two arms are of equal geometrical length. The

optical path lengths experienced by the rays are governed by
the refractive index as\/??(S)a’S or/ nes) 0/5- . With

0A 8 ‘8
ideal components, total destructive 1nterference of the two
rays occurs when the condition.12
nes)as. = 1".7)_7_-%9 | - (2.1)
OABA0

is satisfied, where odd integer values of m are the "order

of interference." The transmitted intensity“generally obeys

the relation: | : ro | |
| I = I cos* {;{f{nmm’s} |
j R | (2.2)
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This result will govern the design of the test cell in Section
2.4.2. o

2.2.2 Relaxation of the Exacting Geometry

The requirements on the geometry of the interferometer
may be greatly relaxed. First, the mirrors and beamsplitters
need not be mutually parallel. The most general MacheZehnder
interferometer places‘the mirrors on the surface of a;three-

dimensional ellipsoid.13

‘The shape of the ellipsoid is
aetermined‘by assuming that the beamsplitters are at the foci,
and a few particular vectors define the.parameters necessary °
to define the surface. Second, the arms do not have to have
the same geometrical length, due to tﬁe eXtremely long co-

. herence length of the light source. In practioe, these

. freedoms allow the interferometer to be aligned very quickly |
-with 1little more than a cursory positioning of the four‘

optical components in a rectangie on the benoh;
- 2.2.3 Optical Components

The choice of the optical compoments shown 1n Fig. 2;1
.is.not subJect to any stringent'restrictions about quality
or performance. The four central components--two mirrors and
two beamsplitters—-that form the interferometer naturally
need to be optically flat, but only over the very small area

of the laser beam (about l,mm ).  The mirrors are A4 flat,
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front-silvered plane mirrors. The beamsﬁlittersAareAJl/30
(uncoated) fused silica wedged flats. The 1° wedging of the
two flat faces forces any back reflections out of‘the primary
beam. The absence of any optical coatings results in:the
loss of fully 85 % of the laser output into stray reflections.
In_spite of this, the detector is Suitably matched to the"
reduced laser throughput. :' ‘~
Additional optical components inside the interferometer
are the plexiglass walls of the test assembly. ‘Since the_ |
plexiglass is not optically flat, a slight variation of
phase exists across the,output;beam. The variation isAmgch'
less than one fringe over the 0.5 mm beam diameter, and it
accounts for a small, yet obsefvablé,'degradation of fringe
contrast.. In practice, this has no importaﬁt effect on the
results (see Section 3.1). |
A second effect on the phase of the output laser beam
originates from the small bubblés andihairline scratches in
"the plexiglass. Here, howe&er;.ﬁhe phase’variétion across
the output beam is so great that many finély'épaced friﬁges
are observed over the 0.5 o diaﬁeter. Tﬁese ffingés, like
any friﬁges, are simply a redistribution of'electromagnetic
energy.into preferred directions. Concentrating all of the
energy in the output beam before detection (iilustrated in
the next section) essentially integrates these partiéular'

fringes over an infinitely large_aréa, and they produce no
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noticeable effect on'the results. . The two effectsfmentioned
here are most easily investigated by sehding the output beam
through a double convex lens, and forming an image for study,
1 £t (0.3 m) 1n diameter, on black paper about 10 ft (3 m)
distant.

2.2.4 Output Intensity Detector

The oﬁtput intensity detector_features a few simple
optical components, and an equally simple battery-powered
cireuit. The optical arrangement is sketched 1n'Fig.l2.2.'
Oniy the central O.S mm diameter of the laeer‘beamvis admitted
through the aperture. This'fixes'the field of the 1nterfero-'
meter at 0.5 mm, with the implication that the instrument 13
sensitive to temperature in the flow only over this small
diameter. The light is colleeted by a double convex.lens,. .
and focused on the photocoﬁductite diode. The entife'detee-
~ tion system rests on the optical bench, and the;vibratiqhs,':
that 1t exberienees are not iarge enough to deleteriously
affect its operation. | |

The laser detection circuit is drawn in Fig. 2.3. An
illustration of the detector characteristic 1s included on
the left hand side of Fig. 2.4, The circuit normally develops
an output between 0 and lo,volte. No experimental verifica-
tion of the detector 1inear1ty is offered. The frequency

response has been experimentally verified with a homemade
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beam chopper to be at least 2 500 Hz. At 2 500 Hz, the circuié
is able to accurately reproduce a 10 volt waveform correspotid-
ing to the covering and uncovering of the laser beamé-with

no noticeable signal distortion. The frequency response
probably extends out considerably farther than 2 500 Hz, but
this has not been verified. ' | B

2.2.5 Elimination of the Standard Cell

In practice, 1t is found that the standard cell of Fig.
2.1 may be omitted from the experiments entirely. The long
coherence iength of the laserlu:makes it unnecessary to |
compensate for the large delays in the wave trains that‘pass
fhrough the walls of the test cell. In this state the in-

-terferometer 1s sald to be uncompensated.

2.2.6 Attenuation of Light in the Arms

‘Unmatched attenuation of the two laser beams in the
arms will decrease the fringe contrast. An important seurCe'
of constant attenuationlin the testnarmvis the reflection;ef
light off of the four alr-plexiglass boundaries (due to the
discontinuilty of the index of refraction). The treatment of
the detector voltage signal in Section 3.1 entirely surmounts

this effect.
2.2.7 Schlieren Effects .

The refraction of the laser beam in the test cell by
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strong refractive index gradlents normal to the beam will
result in a misalignment of the interferometer. An approxi-
mate (yet conservative) solution of this situation serves to
- show when and what schlieren effects are important. Fig. 2.5

1llustrates the important quantities. A gradient of the
index of refraction, 'an/avy, will bend the light ray through

the angle:]-.'5 |
; L 2n |
8 = 5 22 |

where L=0.25 in. {0.64 cm), n=1, and the gradient, dn/ dy,

can be split up for convenience as:

on — ‘an.:r.at | (2.u).
By T e 5y A

Because of this bending, the two effects 111ustratédv1n‘Figs._

2.6 and 2.7 are important. First, in Fig. 2.6, the bent ra&

‘must travel a longer path, by the amdunt: . ‘
dx = R(secdd-/)= -2@_(59) @
causing‘a fractional fringe shift§ |

i AC L

Each 1 % of this fractional fringe shift corresponds rougﬁly

to an error of 1 °F in the signal. Limiting this fractional

fringe shift to be less than 1 % requireé:
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Fig. o, Idealized geometry of the first schlieren
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Fig. 2.7 Idealiied geometry of the second schlieren
effect considered in the text. The test beam 1s bent
"upward, and fails to completely overlap the standard
beam when they recombine. '
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2 an 9T

10 — (ay)  ,(2.7)
5t -

Secondly, in Fig. 2;7, the bent ray will not completely.

overlap 1ts partner at the far beamsplitter;. Only'an area of
2
about E(D—JD) will be bright,* which corresponds to a

reduced intensity at the photodetector of approximately

/- J.0/ Again limiting this error to be less than 1 %
requires that: rr ar - :
/O0R S _ /100RL (57- J¢ » .
12, - (_o‘g <71 o
B T

Eqs. 2.7 and 2.8 can be evaluated for the strongest turbu-

lence found in the experiments by using the values:

R=5 cm - _Zo - 6328 b 10-8 cm
L20.64 cm

dn —~ 1076 per °C
DZ°0.05 ecm or

% The geometry of Fig. 2.7 has been gr‘eatly simplified; also,
any light outside of the central disc is disregarded, as 1s any -

lateral displacement of the bent beam by the plexiglass wall.
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97-/3t = 10+.5‘ °c/sec (observed in Fig. b.1)
9)'//9#-5:: 3.? x 10%3 cm/sec (at Re .=‘20 OOQ)A

Eq. 2.7 yields the criterion:

/00 R 1_2( an)z S !
= 0.003 - (2.9)
A 3y : <L 1

and from Eq. 2.8, one obtains the criterion:

/OORL | an)
o \%

Note that elther of these effects will cause the temperature

= 02 <71 | (2.10)

analog to fluctuate slightly more sharply, which Jus‘tifies
the deduction of aT/ dt from the experimental data of .-
Fig. 4.4, o

2.2.8 Nonuniformities of ’I‘emperat'ure in the Sensit,ive
Volume

The sensitive volume of the technique 1is a Cylindef,
0.25 in. (0.64 cm) long and 0.5 mm in diameter. Any axial
temperature profile is uniformly weighted* and averagéd in

the interference process. Recall Eq. 2.2:

# Uniformly weighted inasmuch as the index of _refraction is a
linear function of temperature--which is not a problem' for

the small temperature range in this work.
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Z =Lcos? 77(: n(7¢s)) ds 2.2
where the implicit dependence of the 1hdex of refraction on
the temperature profile is written out, and the path length
integration is carried out along the cylinder's axis.i Any -
radial temperature profile is uniformly weighted and aver-
aged by the double convex lens and photodiodeAin«the detector
optics (see Fig. 2.2). ‘

The axial temperature profile is assumed to be uniform
throughout this work, and‘the radial femperature profile is
exper;mentally shown to be‘very nearly constant. .There is a u
serious lack of information about the local plexiglass wall
temperature--fhe walls contihually heat up and cool down at
odd intervals. during’the experiments. Largely because of
this, a universal temperature profile cannot be established
If a temperature profile could be established, however, it
could easily be included into Eq..2.2. As an indication of
the radial temperature variation, consider'the-radiue yector
that points upstream at the laser statien; along the vector

1t_is seen that:

_‘9_7.—: )( ) T °Cec ( 2.11)
Ix 3.2%,0% ecmpfsec

= 3 °C_per mm = 3 °F over the 0.5 mm beam diameter.
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The values are taken from the most extreme cases considered
in Section 2.2.7, so that this is the largest radial tempera-

ture profile that has been observed.
2.2.9 Important Features of the Temperature Analog

Two important features of the temperature analog are
bound up in Ee. 2.2. First, the heeting of the plexiglass
walls will introduce'e large phase angle between the two arms.
" The rate of variation of the index of,refraction of plexiglass
with temperature 1s several orders_of magnitude larger than'
that for air. Thié slow (but large) variation completely e
masks the variation of the average temperature in the flow.
The turbulence produces a sméller, but much faster variation
in the transmitted intensity. This work seeks only this
rapidly fluetuating analog, rejects the central moment of the
analog as spurious 1nfofmation--sinée it includes the wali_
heet;ng, and implements a separate measurement of the average
'teﬁperature in Section 2.4.4 tovrepiace the central mement.
The second 1mportant‘featurerf the analog is closely
-related to the first. The large phaee angle developed'by the
wall heating causes the analog.to drift slowly up or down
threugh many fringes. The analog may operate onAa'single‘
ffinge for 5 secohds to several minutes, but eventually 1it
‘drifts in phase by 7T/2 radians,.which puts the analog on the

next fringe over. As the phase angle increases by 77/2, say
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from 7T/4 to 37T7U in Fig. 2.4, the slope of the analog'with
temperature changes sign. The effect is to lose sight of
whether the analog is upside down or right side. up with reel
spect to temperature. None of the analog traces plotted in
this work can.state the issue absolutely--any number of them

can be upside down!
2.3 Optical Bench and Environment

The interferometer must rest on an extremely quiescent
surface to isolate the‘physical lengths of the arms from T
vibrational distortion. Further, the optical bench must allow
the turbulent flow to rise up through the test arm of the
interferometer. The optical bench almed at satisfylng these
two requirements 1s drawn 1n Fig. 2.8. The positions of~the
optical components are diagrammed on its surface. 'The long
slot, 5 in. x 53 4n. (13 cm x 135 cm), accepts the upright
test cell without touching it. The test cell rests in a
separate Jjig that allows the cell to be freely moved about
in the slot between the two wide-flange beams. ~ The temperaf
ture measurements originate in the flow at the lntersection
oflthe laser beam ATB and the test cell. -Moving the test
cell in its Jig mowes-the measuring station accordlngly.:

The optical bench consists of two 10 in. x 12 1in. (25 cm
x 30 cm) steel wide-flange beams that are firmly clamped onto

two thick steel crossmembers and two short 6 in. x 6 1in.
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(15 em 'x 15 cm) steel I-beams. Stiff foam isolates this
rigid steel frame from the concrete block foﬁndétion; Eac¢h
iong'wide—flange beam is further isolated with a wood and
foam "shock absorber"--not much damping is afforded, bﬁt'the'
fundamental modes of the beams are broken'up. A dozen con-
crete blocks are loaded ontb the lower flahges of the wide-
flange beams at irregular intervals with the purpose‘of further
distorting the fundamental modes of the beams. The entire
bench mass is about 1 000 1b_ (455 kg).

The experiments are set up in the basement OfABldg.'
NW-13 in Cambridgé. The'building's machine shop and fhe ouﬁi
side street traffic greatly disturb the system, so the ex-
periments are always performed at night or on Sunday. Even
so, a few incessant building pumps are preseht,'producing
noise in the several hundred Hz range. 'Low frequency-
building vibrations of about 6 Hz are présent at-approxiﬁateiy
the same amplitude. The actual nolse signals ére demonstrated:
in the.discussion‘of the}resulté in Section #;1.1. |

The optical bench and the basementiworkspace are on1y
'marginally satisfactdry for thesé experiments. ItAis hépgful
to note that extremély sophisticated benches are commerclally
available, which would set the vibrations problems to rest.

An alternate and 1nexpens}ve sand-box bench deSign'investi- ‘

16

gated earlier at MIT Abroved to be Jjust as marginally

satisfactory.
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2.4 Test Cell Design
2.4,1 Test Cell Scaling

' The Argonne National Laﬁ (ANL) l/lS-séale Fést.Flui |
Test Facility (FFTF) 1liquid sodium test loop is the standard
geometry for the flow experiments. It 1s SKetched in'crossé'
section in Fig. 2.9, where several pertineﬁﬁ'Reynolds-numberé
are developed. Note that the inlet Reynolds number is Jjust
‘twice the outlet Reynblds nﬁmber. The test assembly that
simulates this flow in air seeks to recreate this condition.:

The cfoss-section of the cylindricallANL tést loép 1s
vfepresented by the thin test assembly of Fig. 2.10.  The
test assembly is slightly enlarged (with a simple arithmetic
scaling) to accomodate the large Reynolds numbersvwhile '"
decreasing the large}flow rates. Even so, an:éntrance  o
velocity of alr of 390 ft/sec (119 m/sec) is needed to match
the ANL.turbulence. The flows of air'in#estigatedyare'

about 10 times smaller than this.
“2,4.2 Test Cell Thickness

The inside test cell thickness, L, is chosen so that:
the highest expécted temperature in the ‘assembly will just

bring the transmitted intensity'down to its first minimum:“”

neE)as = (—'/)_2-/:’2 | (_2;15)
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The integral is simply evaluated to be: '
L o : . . '
/n,.esf a5 4+/n3,.a/10{s = L(n,:e,s,; —ns,g)' (2.13)
b . ) : . S
For this experiment, L should -be approximately 9/32 in.
‘_(0.71 cm), aseuming a uniform temperature profile across the
assembly. The assembly 1s fabricated of 1/4 in. (0.6% cm)"
laminated plexiglass, making L = 1/4 in. (0.64 cm).' Sources
of variation in the measurable thickness are nonunifofmifies
in the plexiglass stock, and bowlng of the assemblyvunder the
pressure conditions of the flow. These errors have been
found not to be 1mportant in comparison to the noise generated
by vibrations. The major source of error in the test cell

design calculetion of Eq. 2.l2fis'the,temperature deviating
from a flat profile, discussed in Section 2.2.8.

2.4.3 Flow Preparation

The hot and cold inlet-fiows'are'prepared from ambient
air, and they are not directly recirculated after mixingf
A single "squirrel cage" blower maintains the entire flow 1n
a single 2 in. (5 cm) ID hose. The flow enters a moderately -
sized chamber that isolates the test cell from undesirable
pressure pulses and vortlcity ;mparted by the "squirrel
cage." Half of the flow 1s drawn off in a 2 in. (5 em) ID
hose, and sent about-6 ft. (2 m) to a flow shaping plenum

directly underneafh the test aésembly. The ambient flow 1is
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symmetriéally distributéd into the twvouter inlets labeled
"ambient" in Fig. 2.11, .The other half of the flow in the
isolation chamber flows through an uncontrolled heaﬁer_(in ‘
faét an énclosed toaster set forlverj dark toast) and into
another chamber to completely mix the heated air. _The hof
flow is drawn off in another 2 in. (5 cm) Hose'and‘éent'about
6 ft. (2 m) direcﬁly into the inlet labeled "heated" 1n”

Fig. 2.11.

Béfore the turbulent mixing.expefiments, with the heater
turnéd off, the velocity of the flows 1s'measured with a hot
wire anemometer. By constricting the cold leg'flow, the hot -
and cold leg flows are matched within a few percent. The
entire flow is controlled by choking the "squirrel cage"
inlet. The hot wire probe 1is left to monitor the veloclity
and temperature in the hot leg, and no further changes afe._
made 1n the flow geometry. |

As the hot leg flow gradually héats up, the increase iﬁ
specific volume of air causes the hot leg velocity to in-
cfease, 1.e., the mass flow stays constant along W1th'the‘
pressure drop. 'Thé cold leg flow»retaiﬁs its.formér value,
and the flows begin to shear in the assembly. No flow visu-'
alization experiments were carried out to study the effect
.of this 'shear on the éverage'récirculating flow, but the
effect must be kept in mind while weighing the results--

especially where the hot leg temperature is taken as an
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“ambient air

heated air ambient air

Fig. 2.11 Isometric View of inlet flows and interfero-
meter optics in the test cell., L--laser;
B--beamsplitters; M--mirrors; D--detector.!
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independent parameter,
2.4.4 Monitoring the Average Temperature

Owing to th¢ 1nability.of the system in.its primitive
form to follow the_aVerage temperature of the flow (discussed
in Section 2.2.1), extra insﬁruméntation is needed. The
symmetry of the tést'éell is exploited by placing a thin
thermocouple in the flow at a station that 1is symmétric with-
respect to the laser station (see Fig. 2.10); A fine
chromel-alumel thermocpuplé protrudes into the middle of
the test cell through a 1/16 in. (1.6 mm) diameter hole in -
the cell's front face. The‘thermocouple‘wires are 28-gadge,
or 0.0156 in. (0.0 mm) in diameter. A digital micro-
voltmeter displa&s the electromoﬁivé‘force developed af‘the
Junction. A measured characteristic curve of the installed
thermocouple is found.in ﬁig. 2.12. The temperature standafd
is the hot wire_probe.. The refereﬁce Juction'sits in air,;.
spaéed several feet away from any heat soufceé, including

hands..
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3. TREATMENT OF DATA

3.1 Displaying and Storing the Temperature Analog

The equipment.that displays'and stores the temperature
signal is listed in Table 3.1, and illustrated in Fig. 3.1,
The'heart-of the sxperiment 1s the storage oscilloscooe.
Consider the fringe contrast, ”»/, defined 1h terms of the
maximum and minimum intensities developed at the photodiode:

/\V —— . Imax ‘— min A : . | (3.1)
IM‘X

n:n ,
A straightforward extension of Eq. 2.2 that accounts for non-

1deal fringe contrast is:

I -Z;m (Z—Max I,,,,,,)COS {— 77(5)0/} (3.2)

To display a signal, the vertical position control on the
oscilloscope 1s set to entirely(suppress the constant term,

I n? and the vertical gain controls are adjusted to display

min

the coefficient, Imax - I n? at the top of the vertical

mi
scale. In this way, for ahy observable fringe contrast,*the

oscilloscope displays only a full scale waveform of:
2 AR
cos o Pn( S)ds

Occasional drifts in fringe contrast, battery voltage, etc.,
are counteracted with the oscilloscope.

The analytic .inversion of this relation that yields the
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Table 3.1

EQUIPMENT FOR ANALOG TEMPERATURE MEASUREMENTS

Storage oscilloscope: Hewlett-Packard model 141B
oscilloscope »

-~-single trace triggered manually

--sweep generated internally

--amplifier in DC mode

Laser light so@rce: Spectra-Physics model 125A
50 mW He-Ne laser

Digital voltmeter: Thermo-Systems Inc. model 1076
voltmeter ' o :
-=DC mode; 10 volts full scale

Thermocouple monitor: Keithley model 160 Digital
Multimeter o
--DC mode; 2 mV full scale

Camera: Nikkormat model FT2, 35 mm camera
-=135 mm f3.5 lens ' A
--M2 extender ring
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3.1

Schematic diagram of the electronics

. for sampling the temperature analog, v(t).
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temperature- is shown in Fig. 3.2. The solid curve is é plot
of the cos2 term versus the fluctuating femperature. As
explained in Section 2.2.9, the average,temperature and the
sign of the fluctuating temberature are not kﬁown.v This

must be reflected‘in.the choice of an ordinate for the
analog. In all of the temperature-time traces of Secfion 4,1,
the curve in Fig. 3.2 is the basis for the construction of

the non-linear temperature scales on the ordinates. The

temperature measurements are practical 1n real time only as
far as the solid cﬁrve in Fig. 3.2 is linear.* Several
schemes are developed in the figure for lineariziﬁg the
system's response. Simply.matching the slope of‘the response
in its most linear region, i.e., about its half-maximum, giveé
excellent agreement over a small 50 Op fange. A'least-
squares fit of the response gives a lessvaccurate'agfeément,

°r., oOnly the power spectral

‘but extends the range to 100
1density measurements in this work are performed in real tiﬁe,
where i1t is assumed that the temperature anaiog is lihear.

"The:discussion of the stratégy for the interpretatioﬁ of tﬁe

system's responSe is only added for completeness.

Note that the temperature waveform 1s always sampled

when 1t is near the half-maximum because the technique is

*# Otherwise the analog would have to undergo an inStanténeous
"arccos 1/V(t)" 6peration—-presumab1y in some strikingly

nonlinear amplifier.
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most sensitive at the half-maximum. Experimental verificatioﬁ:
of this is‘presented with the results in Section 4.1.1.

A sihgle_sweep of the oscilloscope can be stored on the
-special screen of the cathode ray tube for a few minutes.
A single lcns reflex camera records the tfacc on the oscillo-
scope in 35 mm format. The negative is mounted as 1f 1t were
a slide, and projJected with an cnlarger. The projection .1is
.'traced in pencil, inked, andtlabeled. The traces that appear
with the résults are ali generated this way, and are-fair”

representations of the actual temperature waveforms.
3.2 Fourier Analysis of the Temperature Signal

The equipment that Fourier-analyzes~the temperature
signal is listed in Table 3.?,'and 1llustrated in Fig. 3.3.
The heart of the experiment io.the plug~in analyzer,.wh;ch
can slowly sweep through a preset range of freguencies;‘of
hold at a single frequency to sample the Fourier component
indefinitely. The‘analyzer must be calibrated for ité<fre-
quency display and 1its RMS amplitude display, 1.é., both
abscissa and ordinate are callibrated. A'freQuency gencrator;
'berforms both of thesé tasks by generating standard frequen- E
cies and amplitudes--both of which are verified on an B
oscilloscope. An actual frequency calibration ié shown in
Fig. 3.4. The analyzer'fréquency display 1s first matched

at 2 kHz and 10 kHz with standard inputs. The frequency
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. Table 3.2

3.

EQUIPMENT FOR POWER SPECTRAL DENSITY MEASUREMENTS

Frequency analyzer: Hewlett—Packérd ﬁodel 141B

‘oscilloscope with Nelson-Ross model 032 Plug-in
Analyzer

-=-range attenuation at 0 DB

--input attenuation and gain adJustable 4
-=50 sec scan :
--video filter IN

--LOG mode IN-

" ==Auto Scan IN

-=-High resolution

Prequency generator: Wavetek model 134 Sweep
Generator

==variable amplitude, 0. l to 10 volts
-=variable frequency A

-=-sine wave mode

Temperature'analog display: Tektronix model 541
Oscilloscope with type L Plug-in Amplifier

Laser light source: ~Spectra—Physics model 125A
50 mW He-Ne laser . . L

Digital voltmeter: Thermo-Systems Inc. modé1.1076 
voltmeter , S . .
==DC mode; 10 volts full scale

. Thermocouple monitor: - Kelthley mode1,160 Diéital

Multimeter '
--DC mode; 2 mV full scale

Camera: Nikkormat model FT2, 35 mm camera
==135 mm f£3.5 lens - '
--M2 extender ring
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display is linear within a few peréent againét the four
input sine waves of the figure. The vertical display of RMS
amplitudé is always set in the LOG mode, except in the .
experimeﬁt that,producés Fig. 4,32; where itAis setAinAthe'
LiNEARUdisplay mode. The vertical~gain of the analyzer may
be varied continuously with a fine vernier, or discbntihu-
ously wifh input attenuators of 20 DB (tenfold) 1ncrements.l
In practice,'the fine vernier is never altered, and thé 20'
DB gain increments are available for use without disﬁurbing
the calibration. The total RMS amplitude range of the analy-
zer is about 3 decades, i.e., a factor of 1000. i

;n order to compare the results from day to day, the |
deteétor output voltage "window," corresponding to Iméx -,Imin?
- must be the same. This preserves the absolute mégnitude.of

a given temperature fluctuation. Scallng I - I

] with
max '

min
the variable gain on the oscilloscope cannot be allowed,

‘since it does not alter'Ima Instéad; the variabie

‘ S Ir_nin' |
aperture in the detector optics is opened or closed_Very‘
slightly to recreate_the.game Imax - Imin in every experiment.
Once or twice an hour, the aperture is again articulated to
correct for any drift in the system. Typically this voltage
twindow" is 4 volts, plus or minus 5 %. '
Additionally, the wavefofm must'be‘centered on the half-

maximum. This insures that the sensitivity of the measufee

"ment 1s preserved during the frequency analysis. This -
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constraint requires a feedback system that can identify and
counteract the slow wall heating while the analyzer 1s |
samplingbthe signal. The authef has volunteered himself as
a (human) feedback system. By keeping an eye on,the.tehpera—
Ature~analog displayed,on a separate oscilloscope, and by |
placing a finger on the optical bench, the signél is centered
on the half-maximum by continuously adjusting the pressure
of the finger on the bench.- In effect, an'elastic distor-
tion of the interferemetef counteracts the slow optical path
length changes. The feedback only occurs in the very low Hz
range, and has no effect on the Fourier analysis in tﬁe kHz :
range. It is not an elegant method, but it works. Alternate
electro—mechanical feedback systems could be implemented, of
course,

-A typical analyzer output appeafs in Fig. 3.5. Thei‘A
output 1is recorded in exactly the same way es the temperéture.
analogs are recorded ln Section 3.1. The entire sweep of
information takes 50 seconds, and for the ﬁost part, the
scatter in the curve is due to insufficlent sampling by the
.analyzer. The scatter of the curve appears normally distri-
buted on the log scale. Thus, the errors are assumed to be
lognormal. A simple smoothing of the log display 1is thereby
.,Justified, and it appears ae the dashed curve in Fig. 3.5.
To calculate a power spectfal deﬁslty cdrve,,the RMS data is

squared to give relative mean-square fluctuation data, a
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Flg. 3.5 Typical.spectrél analyzer output at Re = 191003 heated"
inlet at 148°F. The superimposed (dashed) line represents a §mbothed
curve of the data. - | : o
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background mean-square curve 1is subtracted, and the curve 1is
normalized to unit area. An illustration of the steps 1s

1ﬁcluded'in Section 4.2,
3.3 Autocorrelations of the Temperature Analog

The a'.uto.correlations'of the temperatux;e signais.are
caicu).a’ced on a computer. The tempe’rature signél is digifal-
ized by hand at tw_o hundred polnts, 7. The computer_sweeps
throﬁgh the data, pipking the points out in pairs ﬁh-at are
separated in time :by T. The 'au'tocorrelation funéti’on,jo('t),

is calculated from:

-7

7 T({')T(t‘+ T) _—

p(T) = 7’2({-) i

/0_ /= e L (3.3)
t=/ ’ ‘

‘ The computer program is listed in the Appendix. Near 'U g-

very few pairs are available for the averaging,. and JQ('C')
becomes'meaningless for_ “C of the order of the analog sam-
pling duration., Electronic 1mp1e_fnentation ofJO(Z') oh the
temperature analog v&ould provide more aécura’ce fesul’cs that

would extend far beyond this pfemature .limit.
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i, RESULTS

Ufl Analog Temperature Studies

4b,1.1 Néise and Errors

The noise traces presented in this section are repre-
sentative of all of the noise traces obsérved in tﬁe experi-

ments. Noise traces are presented for the two groups of

inlet Reynolds numbers-~-Re = 5 000 and Re 10 000--that are
provided by two different pumps used in the experiments.

Noise at Re = 20 000 is shown to be unacceptably high due to
'én inlet flow vibration that 1s particular to ‘the plexiglass
test cell. Fig. 4.1 shows one second of building noise with
the 1/30 HP blower turned off. Fig.iu.2 Shows the efféct of
the pump, which adds a 120 Hz ripple tp-the noise tface; Flg.
4,2 is representative of the noise in the Re = 5 000 fesults;
Fig. 4.3 shows the effect of the large 1/4 HP blower.‘ The
blower adds a large, high frequency noisevﬁomponént‘to the
trace. This effect 1s_correct¢d by isolating the blower 1n
ﬁhick fiberglaés 1nSu1aﬁion,'and choking its flow down to

Re = 10 000. TwoAtemperature traces are shown in Fig. 4.4,
for comparison with the noise in Figure 4,3,  Figs. 4.5 and
4,6 are representative of the noise at Re = 10 000. Generally,
the noise accounts fdr'a +5 Op (3 0C) error in the tempera-

ture signal, which is somewhat dependent upon the duration of

the trace. The longer traces show slightly more nolse than
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the shorter traces--compare'Figures-M.S and 4.6.

Fig. 4.7 illustrates the variable sensitivity of the
measurement. A fringe maximum 1is represented by the top of
the vertical_scale; a fringe minimum is.represented_by the
_bottom of the vertical scale. The system is virtually 1nsen-
sitive to the temperature fluctuations when the signal hovers
A'near the fringe maximum (or minimum) condition. It is most
sensitive when the signal drifts down to the half—maximum

condition, which occurs at 800 milliseconds on the trace.'
4.l.2 Shear Layer Behavior

The temperature analog at Re = 5 000 1s found to have a
strong position dependence in the flow. The test cell is
mowed laterally 0.25 in. (0.64 cm) between stations A and A'
on Fig. 4,8, which produces the traces of Figures U 9 and
h.lO. Fig. 4.10 has substantially more high frequency charac-
ter than Figure 4.9, This illustrates that the flow possesses
turbulent structure, at least in the shearing region.' The' |
traces of Figs. 4.9 and 4,10 have been observed on several
.independent runs. Evidence of the’position dependence,of the
turbulent temperature structure at Re = 10 000 is~presented“

in Section 4,1.3.
4,1.3 Flow Mapping at Re = 10 000

Figs. U4.11 through 4.17 show a £low mapping in the FFTF
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model test cell at Re = 10 000. Fig. 4.8 serves as a key to
the six measurement stations, A‘through F. Points A and B
exhibit a large amount of turoulent mixing above'the inlets. .
fPoint C, the next station along the streamlinee‘of the reoirou—
lating flow, exhibits far less‘turbulence, and the next station,
point E, shows no fluctuations above the béckground noise.
Point D, in the "eye" of the recirculating flow, also exhibits
no signal above background. Point F, which lies directly
beneath point A', exhibits a remarkably strong component at.
about 300 Hz. The traces at stationsF are suggestive.of the
(initially) regular breakup of alehear flow. Tne traces of
points A and B, Just 2.5 in. (6.4 cm) above noint F' ere
examined further for their residual 300 Hz component in

Section 4.2.2.
- 4,1.4 Forced and Free Convection

A simple demonstration of forced versue free convection
is presented here. The natural convection flowdislestablished
in the'following way. After the hot leg 1s heated in the
normal Way, the blower is turned off. ‘Thelresult isothat‘a
reservoir of hot, still air exists at the heated inlet, with
cool, still air at the ambient inlets. The flow is driven
solely by bouyant forces, and the temperature analog is
recorded in the usual way.’ The traces of Figs. 4.18 and H 19

jét station A in the flow illustrate the very different time
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scales of mixing in forced and free convection. Although the
traces abpear to be very similar, the free convection traee
is fully ten times slewer than the forced convection trace.
Incidentally, the slight ripple in the trace of Fig, 4.18 1s
the 120 Hz motor neise, and the slight ripple inAFig. u.19 is

the regular shaking of the building{
4,1.,5 Autocorrelations

The autocorrelation of the temperature trace in Fig, 4.10
_appears in Figure 4,20. The most promineht feature of'Fié;
h,20 is the ringing‘in the autocorrelation. It is indicative
of a strong single frequency--about 300 Hé--in the signal. -
The scatter of the dafa'of Fig. U4.20 at times greater than 90
milliseconds 1s discussed;in.Section 3.3.' This technique‘fOr
constrdcting an autocdrrelafion'is not coﬁsidefed sufficienfly
-accurate, due tp insufficient sampling, to ﬁarrant éhe deduc;:
tion of an 1ntegral time scale; thils 1is made,difficuit because
- of the strong ringing. Similarly; fhe autocorrelation tech-
nique 1s npt'accurate enough to warrant the deduction ef the
.ﬁicrdscale of time, which depends upon'the second derivative.
of the autocorrelation fuhctibn at T-+=0.27 Recall that'the‘
autocorrelation and the power spectral density form a Fquier
fransform pair; they contain the same iﬁformation in different

form.

4,2 Power Spectral Density Studies
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Fig. 4,20 Plot of the autocorfelation of the temperature.trace
in Fig, 4.10. The autocorrelation is calculated on
" a computer with a .digitalized version of Fig. 4;10.
The autocorrelation is quqted in the figure; where T

'is the autocorrelation variable.
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M.Z.i Noise and Errors

The noise in the power spectral density (PSD) sfudiég
originates from a variety of sources.‘ The sources and’théir
spectral bandwidths are illustrated in Flgure §,21, A
troublesome inlet manifold vibration at the flow rates above
~Re = 10.000 has limited the experiments to‘being run bélow
this Reynolds number. The frequency analysis is found to be_
vefy nolise-free abové 500 Hz. A

The error in the RMS amplifude diéplay of the frequency
analyzer 1s about +10 8 Subsequent squaring'bf the RMS
amplitude yields an error ofzi20 %,' The‘subtraction of a
'béckground curve yields an error of i28 % in the final PSD
curve. Furthefmore, the PSD curves must be normalized to
unit area, but the full range of the curve is not quite known
_-éspecially from 0 Hz to several hundréd Hz. 'Thié éffectS"
the results in a small, but unknown way.  A1so note that“tﬁe‘
" error in the measurements which drdp below the SenSitiyity
of the analyzer becomes equal to the measurement itself. ~For
example, the background trace in Fig. 4.22 aboVé,approXimately"'
1 kHz drops belbw the analyzer sensitivity. In this wa&, the
high frequency tails ére generally more subject to error than

the low frequency shoulders in the PSD curves.
4,2.2 Power Spectral Density Mapping

The PSD is mapped for Re = 10 000 at four points 1n the
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. flow, as shown in Figures 4,22 througﬁ 4,29, Figé. 4,22, 24,
26, and 28 show the smoothed temperature spectra in the upper
curves, and the smoothed backgroundlspectra in the lower |
curves. Each of the Sackground curves are‘subtracted from
the signals apove them, the reSulfant curves are normalized
to unit area and plotted in Figs.,U.23; 25, 27, and,29; re-
spectively., A 300'Hz component, and its 600 ﬁz harmonic, are
abundant in the data of point F, A reduced 300 Hz component
is found at point B. An even smaller 300 Hz compohent is
present at station A, and no measurabié component 1s detected
at station C. Points D and E experience no temperafufe | ’

. fluctuations above background., These results agree with the

average temperatures at the statiqns given in Table 4.1.
4,2.3 Effect of Increasing Temperature Upset

. The effect‘of the 1n1ef témperature upset is'demohstrated
in Figure 4,30. As the hot leg temberature rises above fhe
65 oF ambient air temperature, the relative mean-square fluc-
tuations'increase broadly ovef all of the sampléd freqﬁencies.
When the curves are plotted as PSD curves in Fig. H.jl, the
temperature upset has no definite effect on the-PSD of the
turbulence. That is, the temperature upset does not drive

any measurable Instabilities in the flow with bouyant forces.

The information foregone by normalizing the PSD curves
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Fig. 4,24 Smoothed curves of the photographs of the<re1ative RMS
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Fig. 4,26 Smoothéd curves of the photographs of the relative RMS
fluctuation, plotted as mean-square fluctuation. 'Lower:trabe--
background speCtrum; upper trace--temperature spectrun,
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Fig. 4,27 Power spectral density curve, Re = 9300'
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Fig. 4.28 Smoothed curves. of the photographs of the relatlve RMS
fluctuation, plotted as mean-square fluctuation. Lower trace--
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Average Temperatures During Steady Flow Heating

Station

- Mmoo W

“TABLE 4.1

Re = 9300

. Ambient inlet at 65 °F

'Heated inlet at 155 °F

Average Temperature

°f °c
117 47
109 a3
79 26
76 25
65 18
.65 18
104

- ho
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Fig. 4.30 Smoothed curves of the phdtogfaphs of the relative RMS

fluctuation, plotted asAmean;squafe fluctuation.
background spectrum;.uppér traces--temperature spectra.
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'to unit area¥* has been regained in a different‘exneriment.
The spectrum analyzer is stopped at 1500 Hz, and is used to
measure the value of the Fourler component at 1500 Hz for |
different values of the inlet temperature upset This fref
quency is chosen becuase it occurs at the most sensitive
(1.e., the highest signal to noise) portion of the technique.
The output 1s smoothed for several seconds in an integrating
circuit, and the resulting data 1is plotted'againSt the
applied temoerature upset in Figure b, 32, Two separate'
regressions of thegdata are quoted on the figure. = They
indicate that the RMS fluctuation (at 1500_Hz) increases very
nearly linearly with the temperature upset. |

This result indicates anlimportant trend of €H1,1 (xiL
is taken horizontal, and parallel to the'testtcelllfaces);

The definition in Eq. 1.1 can be redefined as: .

o 2 'z
€,) = GRRVRYTY

a7, > ©(4.1)
_where cl(i) 1s the correlation coefficient of temperature
and the Xy component of velocity. Separating the RMS magni-
tudes of the fluctuations from the correlation coefficient in

the numerator allows the correlation coefficient to be inter-

preted in a simple way. The correlation coefficient 1s =zero

# The PSD curves haue unit area by convention.
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Fig. 4,32 Variation of the RMS fluctuation (measured as

AV) in the temperature signal at 1500 Hz with applied
‘temperature upset, AT. The data 1s modeled by the two

'Adifrerentlformulas.
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when T and v, are totally uncorrelated, and/it islequal to
one when they are perfectly correlated. This correlation
coefficient should not depend on the RMS temperature fluc-.
tuations, inasmuch .as the temoerature does not measurably
affect the turbulent mixing. The denominator can be approxi-
mated as AT/ § in the horizontal direction across the width |
of the shear layer, S, where Z&T is the inlet temperature
upset. Again, S should not depend upon the RMS temperature’
fluctuations, since the temperature does'not measurablyf |
affect the turbulently mixing.‘ Experimentally, it is seen
.that <T >~AT , which uncouples the 1,1 component of the
eddy diffusivity of heat from the inlet temperature upset--

at least at stations similar to station A.
h,2,4 Effect of Increasing Reynolds Number

The qualitative effect of the Reynolds number on the
PSD is found by comparing Figures 4.25 and H;3l. By doubling
the Reynolds number, the high-frequency tail of the:PSD isA
';extended This agrees with an. intuitive picture of the |
turbulence, where a higher Reynolds number corresponds to ;

‘more‘fine-scale fluctuations in-the-flow.
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5. CONCLUSIONS

1. The temperature measurement method presented in this work

is an effective, and potentially, a very accurate way‘to .
"iImplement an_ﬁnintrusive turbulent temperature measurement.

2. The accuracy of the‘ﬁemperature analog, 1in 1ts .linear
region, is about £5 Op (3'°C), with most of_the-noisé
originating from bullding vibrations and room noise affecting
-the interferometer, The accuracy may be improved in a straight-
forward manner, by seeking a quieter room, and by dpgrading
the optical bench. |
3. The frequency responsé'of the temperature analog 15
1imited only by the choice of the photodetector{

4, The results demonstrate that the temperature upset in
the test cell does not drive any 1nstab111ties'inAthe flow.
In effect, the temperature ser?es only to "color in" the(
turbulent mixing that is drivenvalmost solely by the shéaringA
of the inlet flows. | o |
5. . The fluctuating temperature has a strbng position'def
pendénce in the test ceil., A large 300:Hzlcomponent in the
power spectral denéity is generatedlin the inlet shearing '
layer, and'it decays as the flbw progresses.,

6. The results of Section 4.2.3 indicate.that the eddy
diffusivity of heat‘is independent of the temperature‘upset,
at least at the point that has been 1nvest1gated‘1n the inlet

reglion.
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7. No informatioh'has been obtained about the'positicn'
dependence of the eddy diffusivity of heat; or about its
relation to the eddy diffusivity of momentum,. Combined
velocity and temperature measurements are needed for this.
8., It is recommended that in future experiments,'the hot
and cold inlet flows be switched The central 2 in. ihlet
would be held at ambient air temperature, and the two 1 in.
outer inlets would be heated. This will produce an unsteady
density dlstribution in the test cell, and ‘should further f.
enhance the effect of the temperature upset on the turbulent

mixing.
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6. AN ADVANCED DESIGN

An untested design 1s propoeed here tolset the drift;
vibration, and wall heating problems to rest. The system
shown in Fig. 6.1 acts like two separate interferometers--
one is tucked inside the other. The inner interferometer
has an extremely narrow field, exactly like the one in this
work. Its output intensity 1s reflected out of the wide beam
" by a very small mirror (say the polished end of akwire); onto
detector #1. The outer interferometer 1is a field-widened '
-system, with a field that is much 1arger than the charac-
teristic wavelengths of the finest fluctuations in the flow;_
Such a field might be several inches in diameter.v Both of h
the interferometers occupy the same four basic optical_con-:u
ponents. Thus, the outer interferometer experiences]all of
the same phase fluctuations as the inner interferometer ;
except for the turbulence, which is spatially averaged by the-
optics of detector #2. One of the mirrors is mounted on a
piezoelectric transducer (PZT), which controls the path length
of the reference arm. Several standard fringe-following
techniques are available18 19,20,21 to control the PZT with
the output of the outer, field-widened interferometer., In
this‘way, most of the phase variation that is not due to the
'fluctuating temperature 1s subtracted from the inner inter—j
ferometer-~including the eXact:bench Vibrations. The wall

heating would not be exactly counteracted,-inasmuch as the
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wall heating is not uniforonvef several inches.

In this design, the average.temperature of the_fiow'is
still lost (it gets subtracted away by thé feedback Syéﬁem),
but the fluctuating temperature stays right’side up'becausé
-the system is:never'allowgd to drift onto the next‘ffinge.
More impoftantly, the output of the inner interferdmetér is
very nearly a puré analog of the fluctuating temperatﬁre, at

any frequency.
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 APPENDIX

Listing of the Computer Program that Calculates
the Autocorrelation of the Temperature Analog

The program rejects the first moment of the'data, énd
then samples the data two points at a'time——the pointg are
separated in time by 7T, the.autocbrrelation variable.bzAVAUTO
is the autocorrelation function, and SAMPLS 1s thé numbef of

pairs of points used to construct the autocorrelation.

REAL ‘KEANSQ
INTEGER TAU,SAMPLS ' _
DIMENSION TEMP (2C0J) ,AUTO (200) ,NTEMP (207)
REAL (5,1C0) (NTEMP(I), 1=1,270)

100 TORMAT (401I2) -
AVG=C.
suM=0.
DO S 1=1,200"
5 SUM=SUM+NTFMP(I)
AVG=SUM/ 200 :
Lo 1C I=1,200 :
10 TEMP (1) =NTIMP(I)-AVE
SUMSQ=2. .
pc 15 1=1,200
15 SUMSC=SUMSQ+TEMP (I) #%*2
MEANSC=C., :
MEANSQ=SUMS)/200
WRITE (6,20)) MFANSC,AVG "
200 FORMAT (*14EANSQ = ',F5.2,' AVG = ',F5.2,'0")
"WRITE (6,252) (TE4DP(I),I=1,233) A

- 250 PORMAT (S5F10.3) ,

WRITE (6,275) . o
275 FORMAT (*'1 TAD AVAUTOC SAMPLESY)



LC 2C J=1,199

CTAU=J

25

30

20
360

SAMPLS=290-J

"DO. 25 K=1,SAMPLS

AUTC [K) =TEZMP (K) *TEME (K+ TATJ) /MFANSQ
AVAULTC=0. :

DO 30 L=1,SAMPLS
AVAUTIC=AVAUTO+AUTO (L)
AVAGTC=AVAUTO/SAMPLS

WRITE (6,300) TAU,AVAUTO, SAMPLS
FORMAT (I12,F10.5,11C) '
STOE

END
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